Human respiratory-mucin glycopeptides were isolated from the sputum of a patient suffering from cystic fibrosis. They were subjected to treatment with alkaline borohydride. Application of ion-exchange chromatography afforded carbohydrate fractions containing sulphate. One of these fractions containing a mixture of sulphated oligosaccharides was subsequently submitted to gel-filtration chromatography and h.p.l.c. Two sulphated oligosaccharide-alditols, A and B, were prepared; their structure was determined by means of 400 MHz 'H-n.m.r. spectroscopy and fast-atombombardment m.s. They had a core type 2 and the sulphate was 3-linked to a terminal galactose residue:
INTRODUCTION
Cystic fibrosis (CF) is the most common fatal autosomal recessive disease in Caucasian population, with an incidence of 1 in 2000 births. It is characterized by abnormal electrolyte transport in the apical membrane of several epithelia (Quinton, 1989) . In the epithelium of the large airways failure to secrete C1-and excessive reabsorption of Na+ (Knowles et al., 1986) (Hoiby, 1988) . Chronic infections by these micro-organisms do not occur so rapidly in patients suffering from other genetic diseases with failure of mucociliary clearance, such as the dismotile cilia syndrome (Eliason et al., 1977) .
Identification of the gene defect that causes CF (Riordan et al., 1989) suggests that the protein responsible for CF, or cystic fibrosis transmembrane regulator, belongs to the superfamily of membrane-associated transport proteins, P-glycoproteins (Juranka et al., 1989) . The cellular localization and the precise function of this protein are still unknown.
Previous studies by our group and others (Roussel et al, 1975; Boat et al., 1977; Lamblin et al., 1977a) have shown that respiratory mucins secreted by CF patients were highly sulphated. More recently it has been reported that 'mucins' synthesized by cultured CF nasal epithelial cells were more sulphated than 'mucins' produced by normal cells (Cheng et al., 1989) . Sulphate uptake has also been shown to increase in skin fibroblasts from CF patients (Elgavish & Meezan, 1988) .
In order to investigate further the sulphation of respiratory mucins in CF, we have started a structural comparison of sulphated oligosaccharides from respiratory mucins secreted by CF patients and by patients suffering from other chronic bronchial diseases. In the present paper we describe the isolation, purification and structure of two sulphated oligosaccharides isolated from respiratory mucins of a patient suffering from CF.
MATERIALS AND METHODS

Sampling of respiratory mucus
Human sputum from a patient (Lab...) with blood group 0 suffering from CF was collected every day and kept frozen until used. The bronchial secretions were then thawed at 4°C, diluted 1 to 12 with deionized water and stirred overnight at 4°C (Slayter et al., 1984 24 h. After 48 h, the mixture was centrifuged and the supernatant was dialysed and freeze-dried.
Portions (200 mg) of freeze-dried Pronase-digested supernatant were submitted to gel filtration on a Sepharose CL-4B (Pharmacia Uppsala, Sweden) column (2.5 cm x 48 cm) equilibrated and eluted with 0.2 M-NaCI/O. 1 M-Tris/HCl buffer, pH 8.0. Fractions (10 ml) were collected and analysed for absorbance at 278 nm and for hexose by an automated orcinol assay (Demaille et al., 1965) . Three fractions, F1, F2 and F3, were separated, dialysed and freeze-dried.
RESULTS
The carbohydrate composition of bronchial mucin glycopeptides from patient Lab... suffering from CF (fraction 2 in Fig. 1 ) is given in Table 1 .
An 890 mg amount of glycopeptides F2 was obtained from 650 ml of sputum. Fraction F2 was submitted to alkalineborohydride degradation and fractionated by ion-exchange Isolation of oligosaccharide-alditols O-Linked oligosaccharides were released from fraction F2 by alkaline-borohydride treatment in 2 M-NaBH4/0.05 M-NaOH at 45°C for 16 h (Roussel et al., 1975) . The solution was applied to a column (2.5 cm x 54 cm) of AG 50W X8 (Bio-Rad Laboratories, Richmond, CA, U.S.A.) in order to remove salts, and then the mixture was fractionated by ion-exchange chromatography (AG 1 X2) and gel-filtration chromatography (Bio-Gel P-4) according to acidity and molecular size respectively as previously described (Lamblin et al., 1977b) . By this procedure, four pools of oligosaccharide-alditols were obtained: Ic (neutral), IIc (sialylated) and IlIc and lVc (sulphated).
The sulphated oligosaccharide fraction IIlc was subsequently applied to a column (1 cm x 150 cm) of Bio-Gel P-2 (200-400 mesh; Bio-Rad Laboratories) with 0.1 M-ammonium acetate as eluent, resulting in the separation of six oligosaccharide fractions (IIIcl-MIcd) Fractionation of acidic oligosaccharide-alditols of fraction 111c6 was carried out by reverse-phase h.p.l.c. on an Ultrasphere IP (particle size 5 ,um; Beckman, Palo Alto, CA, U.S.A.) column (25 cm x 4.6 mm) run isocratically with water as eluent at a flow rate of0.5 ml/min at room temperature. Oligosaccharide-alditols were detected by measuring the absorbance at 206 nm.
Analytical methods
Amino acid analyses were performed as previously described (Lamblin et al., 1977b) .
Sugar analysis was carried out by g.l.c. of trimethylsilyl derivatives of methyl glycosides formed by methanolysis in 1.5 M-HCI in methanol at 80°C for 24 h (Lamblin et al., 1984a) . N-Acetylneuraminic acid and sulphate were measured as previously described (Roussel et al., 1975 Chemical shifts are given relative to sodium 4,4-dimethyl-4-silapentane-l-sulphonate, but were actually measured indirectly to acetone in 2H20 (y = 2.225 p.p.m.).
The two-dimensional homonuclear COSY 45 experiments were performed by use of the standard Bruker pulse program COSY. chromatography into-four fractions (Lamblin et al., 1977b) .
Fraction III, eluted from the Dowex AG 1 X2 with 0.025 M-H2SO4, was subfractionated into fractions IlIa, ITlb and IIIc by chromatography on Bio-Gel P-4 ( Fig. 2) (Lamblin et al., 1977b) . Fraction IlIc (18 mg) corresponded to a mixture of sulphated and sialylated oligosaccharide-alditols, as shown by its carbohydrate composition (Table 2) .
In order to separate the different oligosaccharide-alditols present in fraction IIlc, this fraction was subsequently applied to a Bio-Gel P-2 column eluted with 0.1 M-ammonium acetate (Fig.  3) . Five main fractions were obtained and pooled as indicated: fractions IIIc2 (1 mg), IIIc3 (1.5 mg), 1IIc4 (2.9 mg), IIIc5 (2.2 mg) and II1c6 (1.5 mg) (Fig. 3) . The carbohydrate compositions of the subfractions from pool IlIc are compiled in Fig. 3 . Fractionation of fraction IlIc by chromatography on a Bio-Gel P-2 column (1 cm x 150 cm) eluted with 0.1 M-ammonium acetate Fractions (2 ml) were collected and analysed for hexose ( ). Fractions indicated by horizontal bars were freeze-dried.
length from 4.8 sugar residues (fraction I11c,) to 10 sugar residues (fraction IIIc2).
Oligosaccharide-alditols were analysed by f.a.b.-m.s. in the negative-ion mode. Only the spectrum of fraction IIIc6 was interpretable, the others being too complex and corresponding to mixtures of large numbers of oligosaccharide-alditols.
The f.a.b.-m.s. spectrum of fraction 111c6 (Fig. 4) shows the presence of three major ions at m/z 975, 829 and 667. A minor ion is also observed at m/z 1121, in low amount (the signal is increased 10-fold).
The m/z 975 ion may correspond to a sulphated pentasaccharide-alditol with sulphate, fucose, galactose, N-acetylhexosamine and N-acetylhexosaminitol in the molar proportions 1: 1:2: 1: 1. The m/z 829 ion may correspond either to a fragment ion formed by loss of fucose from the m/z 975 ion or to the molecular ion of a sulphated tetrasaccharide-alditol with sulphate, galactose, N-acetylhexosamine and N-acetylhexosaminitol in the molar proportions 1:2: 1: 1. Equally, the m/z 667 ion may correspond either to the molecular ion of a sulphated trisaccharide-alditol or to a fragment ion formed by the loss of fucose and galactose from the m/z 975 ion. N.m.r. data and further fractionation of fraction IIIc6 by h.p.l.c. could give the answer. respectively) are characteristic of the core Galfll-3(GlcNAc,8Jl-6)-GalNAc-ol (Vliegenthart et al., 1981) .
On the COSY spectrum (Fig. 6) (Lamblin et al., 1984b On the basis of these observations, the following structure was attributed to the main oligosaccharide-alditol of fraction IIIc6:
The second compound, devoid of fucose, possess an H-I Gal resonance at 4.464 p.p.m., characteristic of the terminal nonreducing, Gal3 residue, and consequently its structure was identified as:
The two oligosaccharides A and B contained in fraction 111c6 were in the ratio 7:3. These structures correspond to the major ions at m/z 975 and 829 observed by f.a.b.-m.s. These oligosaccharides were further separated by h.p.l.c. (as described in the Materials and methods section), and the n.m.r. spectra obtained from the two major peaks 4 and 13 (Fig. 7) confirmed that they corresponded to the structures determined in fraction 111c6 ( Figure 8 ): peak 4 is the oligosaccharide B and peak 13 is the oligosaccharide A. No peak corresponding to a sulphated trisaccharide could be obtained; therefore the ion at m/z 667 is not a molecular ion and represents an ((S, + H)-H]-evenelectron fragment ion (Kamerling et al., 1983) .
DISCUSSION
Human respiratory mucins have been shown to be very heterogeneous with regard to acidity, molecular size and structure of their carbohydrate chains (Roussel et al., 1975; Lamblin et al., 1979 Lamblin et al., , 1984a Breg et al., 1987 Breg et al., , 1988 Klein et al., 1988; Van Halbeek et al., 1988) . Sulphated chains are abundant, especially in the case of mucins from patients with CF. However, our knowledge of the structures of sulphated chains has been so far limited owing to the predominance of sulphate ester on longchain oligosaccharides (Roussel et al., 1975; Lamblin et al., 1979) , which makes it very hard to isolate them in a pure state necessary for further structure determinations.
In the present work, 1H-n.m.r. spectroscopy in combination with f.a.b.-m.s. in the negative-ion mode were used for the investigation of two new structures of sulphated oligosaccharides with core 2 and sulphate 3-linked to galactose.
The n.m.r. data presented in Table 4 chains. The H-3 resonance of the Gal4 residue was observed at 8 4.337 p.p.m., which is identical with the value observed in a sulphated oligosaccharide-alditol found in human meconium (Capon et al., 1989) . By comparison with compound 11 of Table   4 , for which the complete assignment of n.m.r. parameters has recently been described , the H-3 resonance of the Gal(3SO3H)4 residue was found to be shifted downfield by + 0.668 p.p.m. Similarly, by comparison with pure methyl a-D-galactopyranoside 3-sulphate, for which the complete assignment of n.m.r. parameters has been reported (Contreras Vol. 275 et al., 1988) , the H-4 resonance of the Gal(3SO3H)4 residue was also found to be shifted downfield by +0.369 p.p.m.
A 3-O-sulphation of terminal 8J-D-galactosyl residues has already been observed in N-linked carbohydrate units of calf and human thyroglobulin (Spiro & Bhoyroo, 1988) and in an oligosaccharide-alditol found in human meconium (Capon et al., 1989) . A 3'-phosphoadenylyl-sulphate: galactosyl 3-O-sulphotransferase has been localized, in the Golgi compartment of thyroid (Kato & Spiro, 1989) , and in the future it will be of interest to find out if this enzyme is also expressed in the Golgi compartment of cells synthesizing respiratory mucins. 41 Table 4 . Chemical shifts of structural reporter-group protons of the constituent monosaccharides for sulphated ollgosaccharide-alditols derived from respiratory mucins of a CF patient and for reference compounds 11 and 12 (Lamblin et al., 1984'a,b) Other sulphated sugars have been identified in different mucins. The presence of galactose 6-sulphate has been already suggested in human respiratory (Roussel et al., 1975; Mawhinney et al., 1987) and rat gastric mucins (Liau & Horowitz, 1982) , whereas N-acetylglucosamine 6-sulphate has been identified in ovomucin and rat salivary (Green & Embery, 1987) and gastric mucins (Carter et al., 1988) . N-Acetylglucosamine 4-sulphate has been found in dog (Lombart & Winzler, 1974) , rat (Liau & Horowitz, 1982) and monkey (Tabak & Levine, 1981) salivary mucins.
In the present work, f.a.b.-m.s. of the four pools of oligosaccharides contained in the other fractions eluted from the BioGel P-2 column (Illc2, IIIc3, IIIc4 and IIIc5) has shown that they corresponded to very complex mixtures of sulphated and sulphated/sialylated oligosaccharides (results not shown). Using a different fractionation procedure, Mawhinney et al. (1987) have already described small linear sulphated oligosaccharides from respiratory mucins with core 1 or 3 and sulphate 6-linked to galactose in human respiratory mucin from CF patients.
Therefore, in CF respiratory mucins, sulphate may be located, at least, at the C-6 (Mawhinney et al., 1987) or at the C-3 of terminal galactose residues, and it is highly probable that several sulphotransferases are responsible for the sulphation of those respiratory mucins.
In the future it will be of interest to set up methods allowing the isolation of the different sulphated oligosaccharides, to compare their distribution (6-sulphated versus 3-sulphated) in mucins from patients suffering from CF and from other bronchial disorders and to define their role in the selection of Staphylococcus aureus and Pseudomonas aeruginosa in the airways ofCF patients.
